Introduction
Because of their dirt-, water-and oil-repelling properties, perand polyfluoroalkyl substances (PFASs) are frequently used in industrial processes and in a broad variety of consumer products. PFASs are poorly biodegradable, can remain present in the environment for a long time (Ostertag et al., 2009 ) and have been detected in peripheral blood, cord blood and human milk samples from residents of different countries worldwide (Calafat et al., 2007; Lien et al., 2013; Cariou et al., 2015) . There is also evidence that exposure to PFASs is associated with adverse health effects. Therefore, PFAS compounds such as perfluorooctane sulfonate (PFOS) and perfluorooctanoic acid (PFOA) were added to Annex B of the Stockholm convention, committing participating countries to reduce PFAS-levels in the environment and in humans. In Europe, the use of PFOS and PFOA has been phased-out since 2008 (European Directive, 2006/112/EC). Exposure routes have been identified, with dietary intake and inhalation and ingestion of house dust as exposure routes of main importance (Haug et al., 2011; Cornelis et al., 2012) . Despite this knowledge and restrictions in production and use exposure continues as PFOS and PFOA are detected in newborns and, even more, many replacement PFASs have been developed and are now detected in human samples (Buck et al., 2011) . To enhance further reduction of exposure, broadening the understanding of determinants of variability in exposure is needed.
With the successive human biomonitoring cycles, the Flemish Environment and Health Study (FLEHS) measures internal exposure to pollutants in the general population of Flanders (northern part of Belgium). One of the major aims is to gain insights in determinants that explain individual variability in exposure levels in four different age groups using multiple regression models. Along with confirming determinants that were already reported in other studies, we identified some additional determinants. We also compared the measured levels in the population with available health related HBM-I guidance values from the German HBM Commission. The HBM-I-value represents the concentration of a substance in human biological material below which no risk for adverse health effects over a life time is expected (HBM Commission, 2016; Umweltbundesamt, 2018) . The respective HBM-I-values are 2 ng PFOA/mL and 5 ng PFOS/mL blood plasma. This study supports decision makers in developing science based policies and measures for better protection of the general population against exposure to hazardous chemicals.
Methods

Participants
The FLEHS studies were approved by the Ethics Committee of the University of Antwerp, studies on newborns were also approved by the Ethics Committees of the participating maternity units.
Flemish reference groups
In both FLEHS II (2007e2011) and FLEHS III (2012e2015) cycles, newborns, adolescents and adults were recruited in all five Flemish provinces to establish reference values for Flanders (Schoeters et al., 2012) . PFASs were measured in the reference groups of 248 mother-newborn pairs sampled between August 2008 and July 2009, 281 mother-newborn pairs sampled between November 2013 and November 2014, 204 adults (20e40 years old) sampled between June 2008 and April 2009 and 209 adults (50e65 years old) sampled between May 2014 and November 2014.
A stratified clustered multi-stage design was used to select participants in primary sampling units (PSU) as a random sample of the Flemish population, proportionally to population density, sex, socioeconomic status and age (in the selected age range). These PSUs consisted of maternity units for newborns, provincial institutes for adults aged from 20 to 40 years (FLEHS II), and general practitioner offices for adults aged from 50 to 65 years (FLEHS III). Within each PSU, individuals were randomly selected. To account for seasonal variation, participants were recruited over one year in all studies, with the exception of the adults in FLEHS III (MayeNovember 2014). The study design aimed to obtain representative study populations in terms of social class, an equal distribution of males and females and of participants over age classes.
Inclusion criteria were: 1) residing in Flanders for at least 10 years; 2) giving written informed consent; and 3) being able to complete an extensive Dutch questionnaire. For the adults, exclusion criteria were: severe kidney disease (glomerular filtration rate <60 ml/min) and active anti-cancer therapy (chemotherapy or radiotherapy).
More details about the study design and recruitment strategy of FLEHS II and the FLEHS III newborns study have been previously reported (Den Hond et al., 2009; Schoeters et al., 2012; Morrens et al., 2017) .
The study population near to the industrial contaminated site (ICS)
PFASs were also measured in 199 adolescents aged 14e15 years, recruited in the municipalities Menen and Wevelgem near the "Grensland" industrial area and sampled from May 2010 to February 2011. The ICS has no specific records of PFAS production. It is home to an important recycling plant of ferrous and non-ferrous metals, timber industry, pigment industry, several incinerators and, until 2005, an important incinerator for municipal waste. The study area was delineated according to the predominant wind direction. More details about study design and recruitment can be found elsewhere (Den Hond et al., 2009; Schoeters et al., 2012; Schoeters, 2012a; Croes et al., 2014) .
Measurement of perfluorinated compounds
On the day of the examination, the participants were examined by trained research nurses in rooms equipped for fieldwork. Peripheral blood from adults and adolescents and cord blood were aliquoted and peripheral serum and cord plasma was obtained after centrifugation. Plasma and serum were conserved at À80 C. PFOS, perfluorohexane sulfonic acid (PFHxS), PFOA, perfluorononanoic acid (PFNA) and perfluorobutane sulfonate (PFBS) were determined in serum and cord plasma using procedures as described by (Kato et al., 2011) . The analytical method consisted of an offline protein precipitation with acetonitrile, followed by separation by HPLC and a MS/MS detection (Applied Biosystems API3000 triple quadrupole mass spectrometer (Foster City, CA, USA)) in negative ionisation MS/MS mode with multiple reaction monitoring (MRM). Quality controls included reagent methods blanks comprised of bovine serum as well as calibration standards and quality control samples in bovine serum (ACILA AG, Weiterstadt, Germany). Reproducibility was checked by analysing spiked bovine serum and a native human plasma sample. Recovery rates were 102% for PFOS, 99% for PFOA, 104% for PFHxS, 95% for PFNA and 91% for PFBS. Detection limits (LOD) were calculated as three times the signal/noise ratio of the analytical background noise in the temporal vicinity of the analyte signal. The limit of quantification (LOQ) was determined as twice the LOD and was 0.3 mg/L for PFOS and PFOA in FLEHS II (2007e2011) and in FLEHS III (2012e2015) LOQ was 0.2 mg/L for PFOS, PFOA, PFHxS and PFBS, and 0.1 mg/L for PFNA. In terms of PFOS and PFOA, the only PFASs for which a round robin is currently available at G-EQUAS, participation in the German round robin G-EQUAS (GERMAN EXTERNAL QUALITY ASSESSMENT SCHEME for Analyses in Biological Materials www.g-equas.de) was successful with deviation percentages ranging from À11.7% to þ15.9% for PFOS and À0.6% to À8.2% for PFOA. To assess the comparability of measurements performed during FLEHS II (2007e2011) with those performed during FLEHS III (2012e2015), PFOS and PFOA levels were remeasured in 3 samples from the biobank of FLEHS II together with the samples of FLEHS III. Deviation percentages ranged from À7.8% to À29.4% for PFOS and þ5.0% to þ21.5% for PFOA.
Questionnaire data
Participants completed a self-reporting questionnaire on personal and lifestyle factors, including information on education and health status, housing, family composition, income, indoor use of pesticides, indoor exposures to pollutants and chemicals, sports, hobbies, smoking and consumption of alcohol. From the information provided regarding body length and weight, the body mass index (BMI) was calculated as BMI ¼ body weight in kg/(body length in m) 2 . Participants also completed food frequency questionnaires to assess the consumption of food items. Additionally, the consumption of locally produced food was recorded, defined as homegrown food or food produced in gardens of neighbors, family or friends. A score for Mediterranean diet was calculated as the sum of separate scores of weekly consumption of multiple food products (Ortega et al., 2013) . Consumption of offal referred to animal products such as liver and kidneys. For adult women and mothers of newborns, parity was defined as the number of children born after a pregnancy of 22 weeks or more. To assess socioeconomic status (SES), two different variables were evaluated separately: equivalised household income (total monthly household income standardised according to the number of household members) and highest educational attainment of the mothers in the case of newborns, of parents in the case of the adolescents and the household in the case of the adults. Country of birth was also used to assess migrant background. Place of residence in urban or nonurban areas was categorised using a population density of more than 600 inhabitants per square kilometer on a community level as urban areas. Due to differences in the applied questionnaires in FLEHS II and FLEHS III, the available determinants or response categories of some determinants were not always identical. For this reason, it was not possible to test associations with consumption of shellfish, offal and potatoes and a tendency to adhere to a Mediterranean diet for FLEHS II. For the newborn study population of FLEHS III only the highest education of the mother and country of birth of the baby's parents were used to test for socioeconomic differentiation.
Statistical analysis
Statistical analysis was carried out when at least 70% of the samples had exposure values above LOQ, values below LOQ were replaced by half the LOQ (Lubin et al., 2004) . Linear regression was used to identify those variables that significantly (p < 0.05) explained individual variability in exposure levels. Dependent variables are biomarker PFAS levels, transformed by the natural logarithm. Information on the independent variables (determinants) were derived from questionnaire data. Continuous variables were categorised in frequently used categories such as for BMI underweight (<18.5 kg/m 2 ), normal weight (18.5e25 kg/m 2 ), overweight (25e30 kg/m 2 ), obesity (!30 kg/m 2 ), or in categories based on the distribution of values, e.g. age.
Multiple linear regression was used to evaluate the effect of different variables on the biomarker level in the same model.
Variables were included in the statistical models using a stepwise procedure. Well-known determinants for persistent compounds (age, BMI and sex) were always included in the models. As perfluorinated compounds are mainly transported bound to blood proteins (Han et al., 2003; Luo et al., 2012) , lipid concentration in blood was not included as a covariate in the statistical analysis. Other variables were included if the p-value in univariate regression was <0.25 and if the direction of the association was consistent with mechanistic or epidemiological insights. Variables were retained in final multiple regression models at p < 0.05. Season of sampling and variables reflecting socioeconomic differences can be proxies for other, underlying, determinants of exposure and are added to the models as final steps. Separate models were applied for adult women to test associations with typical female variables such as duration of breastfeeding their children, menopause and years since menstrual periods have stopped. The overall R-square of each model is given, reflecting the percentage of variability in exposure explained by the variables in the model. The coefficient of partial determination was calculated as the percentage remaining variability in the dependent variable additionally explained by a specific independent variable, given the other independent variables in the model.
An overview of the variables available in the different FLEHS studies, the variables tested in the univariate regression analyses and the variables included in the multiple regression models are shown in Table S1 of the supplementary material.
Results
The characteristics of the study populations are shown in Table S2 of supplementary material (Suppl.).
Internal exposure levels
The uncorrected PFAS plasma and serum concentrations for newborns and adults in Flanders are summarised in Table 1 . For PFBS the limit of quantification was not attained in newborns and only in 6 of 209 adults. No further data are presented on PFBS. Meaningful time trends could only be assessed for newborns and are already reported and discussed elsewhere .
The levels of PFOS and PFOA were also compared with the HBM-I values for PFOS and PFOA in blood plasma of 5 mg/L and 2 mg/L respectively. In the population aged from 20 to 40 years old in FLEHS II (2008e2009), exceedances of these values for PFOS and PFOA were observed for 95% and 85% of the participants, respectively. In FLEHS III (2014), 77% of the participants (50e65 years old) exceeded the HBM I values for both PFOS and PFOA. The uncorrected PFAS serum concentrations for 199 adolescents residing near to the ICS are presented in Table 1 . The HBM-I value was exceeded in 62% and 81% of the participants for PFOS and PFOA, respectively.
Determinants of variability in exposure
The results of the multiple regression analysis can be found in Suppl. The adjusted R 2 values indicate the percentage of variance in measured PFAS levels that can be explained by all the determinants in the models. For mothers of newborns and adults, the explained variance ranges between 20% and 30% for all biomarkers, except for PFOA in the FLEHS III adult population (11%). When only adult women were included, the models explained between 12% and 36% of the measured variability in PFAS levels. For adolescents from the ICS, the models explained 23% of the observed variance in PFOS and only 3.5% of the variance in PFOA. The PFOA model of these adolescents only includes age, BMI and sex as determinants, which were forced into the model. No additional determinants that could explain part of the variance in PFAS exposure were retained at p < 0.05.
In the following paragraphs, the influence of the different determinants is described, after adjustment for all other determinants included in the models.
Personal characteristics
Regarding age, significant (p < 0.05) higher concentrations were observed with increasing age of FLEHS III adults. Cord samples of newborns showed higher levels for all PFASs in FLEHS III, and for PFOA in FLEHS II with increasing age of their mothers (Suppl., Tables S3, S4, S5). Levels of PFOS, PFOA and PFHxS were higher in men versus women. After adjustment for other determinants included in the models (Suppl. Tables 3e5), BMI did not show a significant association with cord plasma and serum PFAS concentrations, with the exception of PFOS measured in the FLEHS III adults, although no linear trend was observed.
Our results also indicate that some PFAS levels were associated with female characteristics such as the number of children a woman gave birth to (parity), the duration of the lactation periods, menopause and the number of years since menstrual periods have stopped. In the group of 20e40 year-old women (Suppl . Table S5 ), a history of breastfeeding for over six months was associated with 31% (95% CI: 18%e43%) lower PFOA serum levels compared to no history of breastfeeding. Women between 50 and 65 years of age with three or more children had, on average, lower serum levels for PFOA (35%, 95% CI: 9%e54%) and PFHxS (39%, 95% CI: 9%e59%) compared to women without children. Compared to mothers of newborns without a history of breastfeeding, mothers with a previous lactation period longer than six months had lower cord plasma levels of PFOS (33% (95% CI: 16%e46%) in FLEHS II), PFOA (29%, 95% CI: 14%e41%) in FLEHS II and 33% (95% CI: 20%e43%) in FLEHS III), and PFHxS and PFNA in FLEHS III (40%, 95% CI: 26%e52%) and 36% (95% CI: 20%e49%) respectively) (Suppl . Table S3 ). Mothers with three or more children had 21% (95% CI: 8%e32%) lower cord plasma levels of PFOA in FLEHS II and 27% (95% CI: 7%e43%) lower cord plasma levels of PFOS in FLEHS III than mothers who had given birth to their first child (Suppl . Table S3 ). Even when adjusted for age, within the age group of 50e65 years (Suppl . Table S5 ), women who had already undergone the menopause had 61% (95% CI: 2%e 154%) higher PFHxS serum levels compared to women who had not yet undergone the menopause (Fig. 1) . The same trend could be observed for PFOS (þ53%, p ¼ 0.102), PFOA (þ47%, p ¼ 0.078) and PFNA (þ50%, p ¼ 0.103), but since the p-values were above 0.05, this determinant was not retained in the reported models. The length of time for which menstrual periods had stopped (still menstrual periods, menstrual periods stopped 5 years ago, menstrual periods stopped > 5 years ago) also showed a tendency towards higher serum levels of PFOS, PFOA, PFHxS and PFNA at pvalues > 0.05, and was therefore not retained in the reported models. These results are not statistically significant at p < 0.05, probably because of a lack of statistical power due to the limited sample size (n ¼ 108).
Dietary factors
Our data confirmed that internal PFAS concentrations are associated with food consumption characteristics. FLEHS III mothers who reported consumption of offal had, on average, 60% (95% CI: 21%e113%) higher levels of PFOS, 71% (95% CI: 37%e113%) higher levels of PFOA and 129% (95% CI: 71%e208%) higher levels of PFNA in their cord plasma samples (Fig. 2, Suppl . Table S3 ). In the same study population, increasing PFHxS cord plasma levels were observed with a higher consumption of potatoes; however, the trend was not linear. In the adult population of FLEHS III (Suppl . Table S4 ), PFNA serum levels were significantly associated with consumption of eggs (more than on a weekly basis þ41% (95% CI: 10%e79%)) and crustaceans (þ20%, 95% CI: 1%e42%). A significant association was observed with a Mediterranean diet on PFHxS serum levels in the FLEHS III adults, although no clear trend could be observed. For adult women, consumption of cheese was associated with higher serum levels of PFNA (Suppl . Table S5 ) although the trend was not linear. Compared to cheese consumption of once a week or less, PFNA levels increased on average 60% (95% CI: 14%e 124%) for a consumption frequency of 2e3 times a week, 52% (95% CI: 3%e124%) for 4 to 6 times a week and 34% (95% CI: À2%-84%) for once a day or more.
Associations with consumption of locally produced food were observed in all studied age groups (Fig. 3 ). Consumption of locally . Table S4 ) who reported a moderate (less than weekly) or high (weekly or more) consumption of locally produced eggs had 34% (95% CI: 8%e66%) and 76% (95% CI: 43%e116%) higher PFOS serum levels respectively compared to participants who never consumed locally produced eggs. In cord plasma of mothers (Suppl . Table S3 ) reporting consumption of locally produced leafy vegetables (FLEHS II) or consumption of locally produced vegetables five times a week or less (FLEHS III), 25% (95% CI: 6%e48%) and 24% (95% CI: 5%e46%) higher PFOS levels were observed, respectively, compared to mothers who did not consume locally produced vegetables. Consumption of locally produced vegetables was also associated with increased PFOS serum levels in adolescents from the ICS (Suppl . Table S4 ) of, on average, 23% (95% CI: 3%e48%).
In the FLEHS III mothers, alcohol consumption before pregnancy was associated with increased levels of all four PFASs studied (Suppl . Table S3 ). For example, compared to mothers who did not drink alcohol before pregnancy, mothers with a weekly consumption of alcohol before pregnancy had, on average, higher cord plasma levels: 61% (95% CI: 28%e101%) for PFOS, 41% (95% CI: 19%e 66%) for PFOA, 60% (95% CI: 30%e97%) for PFHxS and 39% (95% CI: 12%e74%) for PFNA.
Life style factors
PFNA serum levels in the FLEHS III adults were associated with the use of personal care products (Suppl . Table S5 ). However, there was no clear linear trend observed. Significantly higher levels of PFNA were found for adults using at least 7 care products 3 days before examination (þ32%, 95%CI: 13%e46%) compared to adults using between 5 and 6 products (results not shown).
Determinants representing other influencing factors
Significant associations with socioeconomic factors and PFAS serum levels were observed in the adult study population of FLEHS III (Suppl. Table S4 ). The highest education category (college or university degree) had 21% (95% CI: 1%e45%) higher PFOA serum levels compared to the lowest education category (lower secondary degree). Compared to participants with an equivalent monthly income lower or equal to 1250 Euro, participants with an equivalent income between 1600 and 2000 Euro had, on average, 34% (95% CI: 5%e70%) higher serum levels of PFOS and 38% (95% CI: 9%e74%) higher PFNA levels and participants with equivalent income higher than 2000 Euro had on average 29% (95% CI: 2%e63%) higher PFOS serum levels. A significant seasonal trend was observed in FLEHS II adults and adolescents from the ICS, (Suppl., Tables S4 and S3 ). Compared to participants sampled in winter, higher (þ32%, 95% CI: 31%e55%) PFOS serum levels were observed in adolescents and higher PFOS (þ39%, 95% CI: 16%e67%) and PFOA (þ36%, 95% CI: 16%e60%) serum levels in FLEHS II adults sampled in spring. Participants sampled in spring also had significantly higher PFOS (adolescents and adults) and PFOA (adults) serum levels compared to participants sampled in summer (results not shown).
Discussion
Internal exposure: differences in function of geographical area
The internal exposure levels described in this paper are quite similar to the values found in other recent studies in Flanders. In a case-control fertility study, men from the control group with a mean age of 34.1 years (n ¼ 80) had geometric mean serum concentrations of 10.4 mg/L for PFOS and 2.8 mg/L for PFOA (Den Hond et al., 2015) . In the Walloon part of Belgium, PFAS levels measured in 281 cord blood samples collected in 2013e2016 were slightly lower compared to our results, with median concentrations of 0.73 mg/L for PFOS, 0.68 mg/L for PFOA, 0.16 mg/L for PFHxS, and 0.12 mg/L for PFNA (Dufour et al., 2018) .
Internal exposure to PFASs in Flanders appears to be in the middle or low range compared to concentrations observed in other western countries (Suppl . Table S7 ). When comparing data from different regions or countries, attention should be paid to the time of sampling, since there is substantial evidence that internal exposure to PFASs has changed over time (Calafat et al., 2007; Olsen et al., 2008; Spliethoff et al., 2008; Haug et al., 2009) . As reported earlier our dataset has shown decreasing levels in PFOS and PFOA in cord blood samples collected in 2008e2009 and in 2013e2014 . Still, exceedances of the HBM-I values were observed in peripheric serum samples of adolescents (14e15 years) and adults (20e40 years and 50e65 years).
Determinants of variability in exposure
The explained variability in exposure to PFAS of the multiple regression models is overall modest. This could mean that important sources of variability in exposure are still missing. Having limited gradients in determinants categories could be another explanation. The explanatory power could also increase when measurements of PFAS levels in exposure pathway media (air, dust, diet) would be available at individual level.
Personal characteristics
In literature several personal characteristics are well-described determinants of variability in exposure to PFASs, such as increasing serum or cord plasma concentrations of PFASs with increasing age (Rylander et al., 2009; Berg et al., 2014; Jain, 2014; Jensen et al., 2015; Bjerregaard-Olesen et al., 2016) , and lower levels in women (Rylander et al., 2009; Jain, 2014) which can partly be explained by transplacental transfer to the children and excretion through breastfeeding (Brantsaeter et al., 2013; Lien et al., 2013; Berg et al., 2014; Cariou et al., 2015; Bjerregaard-Olesen et al., 2016) . All these can be confirmed in our study.
In our datasets, BMI showed no significant association with cord plasma or serum levels of most PFASs (with exception of PFOS in adults of FLEHS III). Results reported in literature are inconclusive, both positive and negative associations between BMI and serum levels of PFASs were reported, but no clear general trend could be observed (Eriksen et al., 2011; Brantsaeter et al., 2013; Berg et al., 2014; Jain, 2014; Cariou et al., 2015; Jensen et al., 2015) .
In addition, our results showed association between menopause and higher internal levels of PFHxS, which is less frequently reported in literature. This finding suggests menstruation as a route of elimination of PFASs, due to their affinity for blood proteins such as albumine (Han et al., 2003) . This is consistent with the modelderived results of American researchers (Wong et al., 2014) . The Fig. 2 . Adjusted estimates (95% CI) for PFOS, PFOA and PFNA levels in cord plasma of FLEHS III newborns with consumption of offal. Models adjusted for age, BMI and additionally for PFOS: parity, alcohol consumption before pregnancy, consumption of locally grown vegetables, PFOA: duration of lactation, alcohol consumption before pregnancy, PFNA: duration of lactation, alcohol consumption before pregnancy, sex of the baby. The estimates are multiplicative factors, reference category is no consumption of offal (estimate ¼ 1), the vertical lines denote the 95% CIs, significance (at the 5% level) is demonstrated when the 95% CI does not include "1". association between PFASs levels and menopause can also be interpreted as an indication for the endocrine-disrupting activity of PFASs (Knox et al., 2011; Konkel, 2014; Taylor et al., 2014) .
Dietary factors
Diet has already been identified as an important source of PFAS exposure (Trudel et al., 2008; Haug et al., 2011; Cornelis et al., 2012; Domingo, 2012) . In this study several well-described determinants in literature could be confirmed, such as consumption of fish and seafood associated with higher internal levels of PFASs (Rylander et al., 2010; Tyrrell et al., 2013; Berg et al., 2014; Jain, 2014; Yamada et al., 2014; Bartolome et al., 2017) . Additionally, the study identified several less common reported determinants of variability in PFAS exposure. Our study observed associations between higher internal exposure to the measured PFASs and consumption of offal and potatoes. Literature data on associations of internal PFAS levels with consumption of offal and potatoes are scarce (Cariou et al., 2015) . Yet, PFASs have been detected in organ meat and foie gras (Domingo, 2012; European Food Safety Authority, 2012) . In soil contaminated with PFASs through the utilisation of contaminated sludge, PFASs can end up in potatoes (Lechner and Knapp, 2011) . In several European countries, PFASs have been detected in potatoes (Haug et al., 2010; Cornelis et al., 2012; European Food Safety Authority, 2012; Vestergren et al., 2012; Herzke et al., 2013) . Dietary intake calculations (Cornelis et al., 2012) showed that the consumption of potatoes was the most important source of PFOS for children, and the second most important source for adults (after (lean) fish and shellfish). Our results showed alcohol consumption before pregnancy was associated with higher levels of PFASs in cord blood. This association was only observed in the FLEHS III newborns study population, but was consistent for all four PFASs (PFOS, PFHxS, PFOA and PFNA) . A few other studies report associations between alcohol consumption and internal PFAS levels (Jain, 2014; Bjerregaard-Olesen et al., 2016) . Furthermore, our study also identified the consumption of locally grown food as a source of exposure to PFASs. Very consistent results were obtained for associations between consumption of locally produced chicken eggs and higher internal PFOS levels, which were observed in all age groups studied and in both FLEHS II and FLEHS III cycles. A few other studies report similar results in Germany (Holzer et al., 2008) and in the United States of America (Christensen et al., 2016) . Associations with locally produced food could be very region-specific. However, since participants in the newborn and adult study populations were recruited all over Flanders it is very unlikely that local sources are at the basis of this association. It could be possible that PFAS contamination of the environment, more specifically the soil compartment, is more wide spread. This could make consumption of locally grown food a pathway of concern in European regions other than Flanders.
Life style factors
To our knowledge, this study describes for the first time an Fig. 3 . Adjusted estimates (95% CI) for PFOS in serum and cord plasma of FLEHS II and FLEHS III participants with consumption of locally produced eggs and vegetables. Models adjusted for age, BMI and additionally for: FLEHS II newborns: duration of lactation, FLEHS III newborns: parity, alcohol consumption before pregnancy, consumption of offal, adolescents of the industrial area: sex, season, FLEHS II adults: season, FLEHS III adults: sex, equivalent household income. The estimates are multiplicative factors, reference category is no/never consumption of locally produced eggs (estimate ¼ 1), the vertical lines denote the 95% CIs, significance (at the 5% level) is demonstrated when the 95% CI does not include "1".
association between use of personal care products and internal exposure to PFNA. This supports the use of personal care products as a possible route of exposure to PFNA in adults. The presence of PFASs in consumer-ready personal care products has been observed. In foundation, nail polish and sunscreens available on the Japanese market (Fujii et al., 2013) nine different PFASs could be detected, including PFOA and PFNA. In foundation and cosmetic powder products purchased on the Swedish market (Schultes et al., 2018) 25 PFASs were present, with the highest detection frequency for short-chain perfluoroalkyl carboxylic acids or PFCAs (perfluoroheptanoate (PFHpA), PFBA, perfluorohexanoate (PFHxA), perfluoropentanoate (PFPeA)), but also levels above LOD for six long-chain PFCAs (among which PFOA and PFNA).
Determinants representing other influencing factors
Some of the multiple regression models also include determinants often considered as a proxy for other factors of influence. For that reason, these variables were added last to the models. Obtaining significant results for these variables means relevant information on underlying pathways and sources is still missing in our dataset. In our data internal exposure to PFOS and PFOA is higher in spring than in other seasons. A Spanish study (Bartolome et al., 2017) produced similar findings. Season can reflect other factors that might affect exposure to PFASs, e.g. changes in diet or in time spent outdoors or gardening.
Concerning parameters reflecting socioeconomic status, our study suggests an association between higher income and education levels and higher internal exposure to PFASs. Data consistent with such social inequalities have been published (Melzer et al., 2010; Belova et al., 2013; Tyrrell et al., 2013; Buekers et al., 2018) . It is unlikely that income and education themselves are directly related to PFAS exposure in a general population. Instead, these parameters can reflect certain lifestyle factors and living or working conditions that are related to PFAS exposure.
Strenghts and limitations of the study
No measurements of PFAS levels in exposure pathway media were available at individual level. In stead questionnaire data on habits and life style factors were used. Therefore, the statistical models are resticted in offering relevant determinants of observed variation in exposure to PFASs and are not able to predict the main contributors to the exposure itself. The variability in exposure explained by the models is rather low. This could be improved by having available PFASs levels in e.g. soil and home-produced eggs at the individual locations of the participants. The study population was sampled from the general population and adolescents living in an industrialised region with no recods of PFASs production. The presented models are not applicable to occupationally exposed populations, nor to people living near PFASs production sites. However Flemish data were used in this study, some of the determinants of relevance identified in the multiple regression models are subjected to European legislation and guidelines, e.g. contaminant levels in food products, available personal care products on the European market. Locally grown food could reflect a specific regional situation, but since PFAS are wide-spread in the environment, contribution of locally grown food could also be of relevance in other parts of Europe. The availablilty of individual PFASs measurements in human samples and detailed questionnaire data gained insights in actual internal exposure levels for four age groups and at different points in time. Moreover, several additional determinants of variability in individual exposure levels could be identified. These offer new opportunities for additional research, for policy instruments and for informing the general public.
Conclusion
Levels of PFOS, PFOA, PFHxS and PFNA in cord plasma of newborns and serum of adolescents (14e15 years) and adults of two different age groups (20e40 years and 50e65 years) in Flanders, Belgium, were in the middle or low range compared to reported levels in other Western countries. Nevertheless, HBM I values for PFOA and PFOS were exceeded in 62%e81% of the participants, depending on the compound, the timing of sampling and on the study population considered. Higher internal levels of PFASs were observed with increasing age, indicating cumulative exposure over time. Consumption of crustaceans, consumption of offal, potatoes, alcohol, locally produced vegetables and eggs were identified as significant determinants of exposure. Sex differences could also be observed, with higher levels of PFOS, PFOA and PFHxS in men than in women. PFAS body burden of women can be lowered by transplacental transport and breastfeeding and probably also by menstruation, although it cannot be excluded that higher internal exposure leads to early menopause. Our study indicates an association between higher income and level of education and higher internal exposure to PFNA and PFOA, respectively, probably in relation with lifestyle factors related to PFAS exposure or socioeconomic differences in exposure pathways. Our results illustrate that further research is needed on the use of personal care products containing PFASs as a possible route of exposure. Our models could explain between 3.5% and 36% of the observed variance in exposure, so other relevant determinants are probably still lacking in our data.
